Reduced bioavailability of endogenous nitric oxide (NO) is a central pathophysiological event in hypertension and other cardiovascular diseases. Recently, it was demonstrated that inorganic nitrate from dietary sources is converted in vivo to form nitrite, NO, and other bioactive nitrogen oxides. We tested the hypothesis that dietary inorganic nitrate supplementation may have therapeutic effects in a model of renal and cardiovascular disease.
Introduction
The kidneys play a key role in the homeostatic regulation of body fluid volume and electrolyte balance and consequently possess a dominant role in blood pressure control. A high-salt intake is associated with elevated blood pressure and greater risk of cardiovascular morbidity. 1, 2 Intervention studies have shown that blood pressure decreases when sodium intake is restricted 3 and it was recently estimated that a modest overall salt intake reduction in the adult US population would lead to dramatic health benefits with considerable decreases in myocardial infarction, stroke, and overall mortality. 4 Furthermore, compromised renal function plays a central role in linking salt intake to hypertension. 5, 6 Nitric oxide (NO) is a key regulator of cardiovascular homeostasis with reduced NO bioavailability being a central underlying pathological event in many cardiovascular disorders including hypertension and atherosclerosis. 7, 8 An increase in renal and vascular oxidative stress is thought to be involved in salt-induced hypertension and can be effectively counteracted by NO via its rapid inactivation of superoxide (O 2 2 ). 9 By the same mechanism, increased production of reactive oxygen species (ROS) will reduce NO bioavailability. Overall, it is believed that any condition that leads to an increase in ROS production and/or a decrease in NO generation shifts the balance towards oxidative stress and influences renal and vascular function, contributing to the pathophysiology of salt sensitivity. 10, 11 Thus, interventions aimed at increasing NO bioavailability or reducing ROS formation are expected to be beneficial. Indeed, stimulation of endogenous NO generation is protective in models of salt-induced hypertension, whereas pharmacological NO synthase (NOS) inhibition has detrimental effects. 12 Conversely, scavenging of O 2 2 reduces blood pressure in salt-induced hypertension. 10 NO is classically generated from L-arginine and molecular oxygen in a reaction catalysed by NOS. 13 More recently, a fundamentally different pathway for the generation of NO in mammals was discovered. 14 -17 The supposedly inert NO oxidation products nitrate (NO 3 2 ) and nitrite (NO 2 2 ) can be reduced back to NO and other bioactive nitrogen oxides in blood and tissues. Besides being products of NO metabolism, nitrate and nitrite are also found in considerable amounts in our everyday diet, of which leafy green vegetables such as spinach, lettuce, or beetroot are particularly rich in nitrate. 18 When ingested, nitrate is rapidly absorbed and accumulates in saliva via active secretion. In the mouth, commensal nitrate-reducing bacteria effectively generate nitrite which enters the systemic circulation after swallowing. 19 Nitrite can be further reduced to NO and other bioactive nitrogen oxides in blood and tissues via several enzymatic and non-enzymatic pathways. 20 -22 Recent studies show impressive NO-like cardiovascular effects of dietary nitrate. A 3-day intervention with sodium nitrate reduced diastolic blood pressure by 4 mmHg in healthy volunteers. 23 The daily intake of nitrate in that study is comparable to what is found in one serving of a nitrate-rich vegetable.
Webb et al. 24 demonstrated a 10 mmHg decrease in systolic blood pressure after ingestion of 500 mL nitrate-rich beetroot juice and the blood pressure-lowering effect persisted for up to 24 h after a single dose. In a recent study in healthy normotensive rats, we noted similar effects when nitrate was administered via the drinking water. 25 In addition to the effects of dietary nitrate on blood pressure, previous studies have shown potent cytoprotective effects of sodium nitrite administration in numerous models of ischaemia-reperfusion injury including myocardial infarction 26 -29 and stroke 30 as well as in a model of renal injury caused by chronic NOS inhibition. 31 Moreover, nitrate/nitrite therapy is beneficial in animal models of metabolic syndrome, 32 chronic limb ischaemia, 33 and pulmonary hypertension 34 and it enhances survival in a mouse model of cardiac arrest. 35 In the present study, we examined the effects of prolonged dietary nitrate supplementation on blood pressure, renal excretion, and morphology as well as markers of oxidative stress in renal and cardiovascular disease. We used a recently developed rat model 36 where the animals are unilaterally nephrectomized at a young age and then subjected to a high-salt diet.
Methods

Animals and study protocol
Studies were performed on male Sprague -Dawley rats (Møllegaard, Copenhagen, Denmark). The animals were uninephrectomized (UNX) or sham operated at 3 weeks of age. Sham-operated controls were given a normal-salt diet (0.7% NaCl, SD389-R36, Lactamin, Sö dertälje) and the uninephrectomized animals were subjected to high-salt diet (4% NaCl, SD312-R36, Lactamin) alone, or a high-salt diet supplemented with two different doses of nitrate (0.14 or 1.4 g NaNO 3 kg
21 diet) to achieve a daily intake of 0.1 and 1 mmol nitrate kg 21 day
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, respectively. In this way, four different experimental groups were created: sham-operated animals raised on a normal-salt diet (controls); UNX animals raised on a high-salt diet (UNX + HS); UNX animals raised on a high-salt diet supplemented with a nutritional dose of nitrate, UNX + HS + nitrate (low); and UNX animals raised on a high-salt diet supplemented with a pharmacological dose of nitrate, UNX + HS + nitrate (high). The total NaCl content was 4% in all high-salt diets. The experimental protocols were carried out in adult animals after 8-to 11-week treatment with nitrate (see Supplementary material online, Figure S1 ).
Uninephrectomy
A unilateral nephrectomy was performed as described previously. 36 Anaesthesia with spontaneous inhalation of 2-2.5% isoflurane (Forene w , Abbot Scandinavia AB, Kista, Sweden) was used, the abdomen was opened sterile through a midline incision, and the left kidney was exposed. The renal vessels and the ureter were carefully isolated and tied, and the distal portions were cut. Sham operations in control animals were performed in the same way, but without removal of the kidney and the ureter. After surgery, all animals were left to grow with free access to the different diets.
Metabolism studies
After 8 weeks of treatment, rats were placed in metabolic cages for 24 h, with food and water given ad libitum, to study intake and renal excretion. Samples of fresh urine were stored at 2808C until analysed. Water/food consumption and urine production were measured gravimetrically.
Telemetric measurements
Anaesthesia was used as described above, and the telemetric device (PA-C40) (DSI TM , Transoma Medical, St Paul, MN, USA) was implanted as described previously. 36 After surgery, all animals were allowed to recover for at least 10 days before any measurements commenced. Telemetric measurements of blood pressure and heart rate were conducted continuously during a control period (72 h), followed by an additional 72 h period with the NOS inhibitor L-NAME (0.5 g/L) in drinking water.
Plasma collection
At the end of the study period, animals were anaesthetized by intraperitoneal injection of thiobutabarbital sodium (Inactin w , 120 mg/kg body weight) and a catheter was placed in the left carotid artery for blood sampling. Blood samples were collected in tubes containing EDTA (final concentration 2 mM) and N-ethylmaleimide (final concentration 5 mM), immediately centrifuged at +48C (730g, 5 min) and stored at 2808C for later analysis.
Tissue collection and histology
The kidneys, heart, and liver were rapidly excised, weighed, rinsed, snap frozen in liquid nitrogen, and stored at 2808C for later analysis, or prepared for histology. Sagittal slices of the heart and renal tissue were fixed in formalin (4% in PBS), embedded in paraffin, cut into 5 mm-thick sections and stained (haematoxylin and eosin, periodic acid-Schiff, and Picro-Sirius) for histopathology evaluation by a blinded pathologist. In the renal tissues, the cortex, medulla, and papilla were investigated for fibrosis, inflammation, glomerular and tubular changes, and arterio-arteriolar sclerosis. The hearts were investigated for hypertrophy, fibrosis, and inflammatory changes.
The evaluated tissues, except from arterio-arteriolar sclerosis, were given a score of 0 -3 depending on the severity of change (0, no observable changes; 1, mild; 2, moderate; and 3, severe changes). The lowest score was given if the renal/cardiac histoarchitecture was normal, with no changes in any of the investigated parameters. The highest score Inorganic nitrate in renal and cardiovascular disease represented major distortion of the normal histoarchitecture. Arterio-arteriolar sclerosis was scored in 20 -30 arteries and arterioles in each section as described by Kobayashi et al. 37 (i.e. 0, normal; 1, thickening of media; 2, focal hyalinosis with thickening of media; 3, medial thickening with global hyalinosis; 4, fibrinoid necrosis and/or cellular hyperplasia with narrowing of arteriolar lumen and/or thrombus formation).
Measurements of tissue nitrate, nitrite, and nitros(yl)ation products
A highly sensitive chemiluminescence system 32 was used for quantification of nitrate, nitrite, and nitros(yl)ation products in kidney, liver, and heart tissue (see Supplementary material online).
Urine and plasma analysis
Urine sodium and potassium concentrations were determined by flame photometry (model FLM3; Radiometer, Copenhagen, Denmark) and osmolality was determined by using an osmometer (model 210 MicroSample Osmometer; Fiske, Norwood, MA, USA).
Creatinine
Plasma content of creatinine was determined using an enzymatic method with the Abbott Diagnostics ARCHITECT analyzer (see Supplementary material online).
Nitrate and nitrite
Urinary and plasma content of nitrate and nitrite were measured with a dedicated high-performance liquid chromatography (HPLC) system (ENO-20; EiCom, Kyoto, Japan) as described 32 (see Supplementary material online).
Arginine, ADMA, and SDMA
Concentrations of arginine, ADMA, and SDMA in plasma and urine were measured by HPLC with fluorescence detection (see Supplementary material online).
Malondialdehyde
Total, i.e. free and protein-bound, plasma malondialdehyde (MDA) was measured by HPLC and fluorescence detection after alkaline hydrolysis and reaction with thiobarbituric acid, as described previously.
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The intra-and inter-run variations were 3.5 and 8.7%, respectively.
Class VI F2-isoprostanes
The concentration of Class VI F2-isoprostanes (iPF2a-VI) in urine was determined by liquid chromatography tandem mass spectrometry (LC-MS/MS) (see Supplementary material online).
8-hydroxy-2-deoxyguanosine
The concentration of 8-hydroxy-2-deoxyguanosine (8-OHdG) in urine was determined by LC-MS/MS (see Supplementary material online).
Protein
Urinary protein content was determined by the colorimetric method of Detergent Compatible Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA). Plates were read from the bottom using a microplate reader (model Safire II; Tecan Austria, Grö dig, Austria) (absorbance at 750 nm).
Statistical analysis
Values are presented as means + SEM. Single comparisons between normally distributed parameters were tested for significance with Student's paired or unpaired t-test. For multiple comparisons, ANOVA followed by the Fisher's post-test was used. Scored data for the histological evaluation were analysed by the Kruskal -Wallis test followed by the MannWhitney U test. Statistical significance was defined as P , 0.05.
Ethics
The investigation was approved by the Uppsala Ethical Committee for Animal Experiments and conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Results
At the beginning of the experiments (i.e. 8-week post-initial surgery), the body weights were slightly lower in uninephrectomized animals than in the control group ( Twenty-four-hour food and water intake, faeces production, and renal excretion data for the different groups are summarized in Table 1 . As expected, both water intake and urine production increased in all groups with high-salt intake. Despite differences in body weights, food intake and faeces production were similar in all groups. Interestingly, in the high-dose dietary nitrate group, urinary output was lower compared with that of untreated rats, possibly as a consequence of lower blood pressure. Excretion of sodium was increased and potassium reduced in the UNX + HS group compared with controls. The osmolality was reduced and absolute electrolyte excretion rate was increased in the UNX + HS group compared with the controls. Nitrate supplementation had no significant effects on electrolyte excretion. Moreover, plasma creatinine was similar in all experimental groups [controls: 27 + 2 mmol/L; UNX + HS: 29 + 1 mmol/L; UNX + HS + nitrate (low): 27 + 1 mmol/L; and UNX + HS + nitrate (high): 27 + 1 mmol/L] (see Supplementary material online).
Dietary nitrate increases tissue levels of nitros(yl)ation products
After ingestion, the nitrate anion is stepwise metabolized to potentially bioactive nitrogen oxides including nitrite, S-nitrosothiols, Figure 1 Plasma nitrate levels (A), renal excretion rate of NO x (B), and tissue levels of nitros(yl)ation products (RXNO) in the renal cortex (C), renal medulla (D), heart (E), and liver (F ) in sham-operated animals (control), and uninephrectomized animals treated chronically with high-salt diet (UNX + HS); or high-salt diet supplemented with nitrate in a nutritional dose, UNX + HS + nitrate (low); or pharmacological dose, UNX + HS + nitrate (high). Values are mean + SEM. *P , 0.05.
Inorganic nitrate in renal and cardiovascular disease and nitrosyl products. 14 The levels of nitrate and other nitrogen oxide species were measured in plasma and tissues after 10 weeks of dietary supplementation with nitrate. As expected, the circulating levels of nitrate were dose-dependently higher in rats receiving dietary nitrate supplementation ( Figure 1 evaluation did not reveal any significant differences in nitrite levels among the groups, whereas nitrate supplementation restored or elevated nitrate levels in UNX + HS animals ( Table 2) . Although nitrite levels were unaffected by the nitrate supplementation, the levels of nitros(yl)ation products (RXNO) in kidney, liver, and heart tissues were increased (Figure 1) . Interestingly, nitrate treatment restored or even elevated RXNO levels in UNX + HS animals compared with controls. These findings are consistent with an initial reduction of nitrate to nitrite and then further metabolism of nitrite to form nitros(yl)ated species.
Chronic dietary nitrate supplementation reduces blood pressure in hypertensive rats
Mean arterial blood pressures and responses to L-NAME are presented in Figure 2 . Animals subjected to unilateral nephrectomy and chronic high-salt intake developed hypertension, confirming previous findings. 36 Heart rates were similar in the four groups: controls, 364 + 4; UNX + HS, 379 + 7; UNX + HS + nitrate (low), 378 + 6; and UNX + HS + nitrate (high), 372 + 4 b.p.m. No differences in mean locomotor activity levels were found among the groups. With the low nitrate dose, blood pressure was not significantly decreased; however, with the higher nitrate dose, blood pressure was 24 mmHg lower compared with the untreated hypertensive rats. The magnitude of this blood pressure reduction was considerably greater than what we recently observed in healthy normotensive rats using the same nitrate dose. 25 The blood pressure reduction by nitrate was sustained after 8 weeks dietary supplementation period. Thus, there seemed to be no development of tolerance, which is classically seen with repeated administration of organic nitrates. The blood pressure increase after L-NAME was augmented in untreated UNX + HS rats compared with controls, which indicates a compensatory up-regulation of NOS in the disease model. In rats receiving the higher nitrate dose, this L-NAME response was similar to in controls which may suggest the existence of a crosstalk between the NOS-independent and NOS-dependent NO generation.
Dietary nitrate prevents the renal damage caused by a high-salt diet
The addition of a high-salt diet to uninephrectomized rats was clearly associated with renal impairment. As expected, total kidney weights demonstrated renal hypertrophy in UNX + HS rats (3.1 + 0.2 g) compared with controls (3.2 + 0.1 g). Nitrate supplementation dose dependently reduced renal hypertrophy in the UNX + HS group (2.9 + 0.1 and 2.6 + 0.1 g, respectively). Furthermore, UNX + HS rats developed proteinuria compared with controls which was completely prevented by nitrate supplementation ( Figure 3) . The histological examination revealed focal fibrotic changes, infiltration of inflammatory cells, tubular changes (atrophy, thickening of the tubular basal membrane, dilatation with accumulation of hyaline cast), glomerular changes (i.e. mesangial matrix increase, wrinkling and thickening of glomerular basement membrane, subendothelial widening with reduplication of glomerular basement membrane, shrunken and/or sclerotic glomeruli), and increased arterio-arteriolar sclerosis. As shown in Figure 3 , dietary supplementation with nitrate substantially improved the appearance of these pathological events. Remarkably, even the low dose of nitrate, which is equivalent to ingestion of 100-300 g of a nitrate-rich vegetable in a human, 14 was strongly protective. In fact, apart from a slight increase in renal fibrosis, the histological renal injury score in animals receiving a low dose of nitrate was similar to that seen in healthy control animals.
Cardiac hypertrophy and fibrosis is attenuated by dietary nitrate
Similar to the kidneys, the hearts were hypertrophic in the uninephrectomized rats on a high-salt diet compared with the controls. This hypertrophy was associated with an increased thickness of the left ventricular wall and increased fibrotic changes in the left 
L-Arginine and endogenous dimethylarginine levels are normalized by dietary nitrate
Dimethylarginines including ADMA and SDMA are endogenous inhibitors of NOS-dependent NO generation that are formed during proteolysis of methylated proteins. ADMA inhibits NOS, whereas SDMA competes with L-arginine for cellular uptake via cationic amino acid transporters. 41 Renal injuries may increase the levels of circulating ADMA, thus contributing to the pathogenesis of hypertension and other cardiovascular diseases 42 via the inhibition of NO biosynthesis and concomitant facilitation of O 2 2 production with increased oxidative stress. 43, 44 The levels of ADMA and SDMA in plasma and urine were increased in the uninephrectomized animals on a high-salt diet compared with control animals ( Figure 5 ). This increase was dose dependently attenuated in rats receiving nitrate supplementation. Plasma levels of L-arginine were increased in UNX + HS animals (188 + 11 mM) compared with those of controls (155 + 8 mM; P , 0.05), which could be a result of elevated SDMA levels and impaired cellular arginine uptake. In nitrate-supplemented animals, the L-arginine levels were normalized [UNX + HS + nitrate (low): 163 + 12 mM and UNX + HS + nitrate (high): 153 + 11 mM). Lower levels of endogenous NOS inhibitors will likely result in enhanced generation of NO from NOS. This would help to further increase the amounts of bioavailable NO, in addition to that formed directly from nitrate and nitrite. Inorganic nitrate in renal and cardiovascular disease
Dietary nitrate reduces the level of oxidative stress
Increased oxidative stress is a proposed central pathophysiological mechanism in salt-induced hypertension and renal dysfunction. ROS can cause damage via direct scavenging of NO, depletion of NOS cofactors, generation of vasoconstrictor lipid peroxidation products, as well as causing structural and functional alterations within the vasculature. 9 -11 In the current study, we measured the levels of three well-established oxidative stress markers; MDA in plasma, and iPF2a-VI and 8-OHdG in urine. The presence of oxidative stress in this disease model was evident by increases in circulating MDA and urinary excretion of 8-OHdG compared with control animals. The levels of all three markers decreased with both low-and high-dose dietary nitrate ( Figure 6) . Again, the low dose of nitrate was surprisingly effective, and the levels of oxidative stress markers in these rats did not differ from those seen in healthy control animals.
Discussion
In the present study, the effects of dietary nitrate in a model of renal and cardiovascular disease were investigated. We show that chronic dietary supplementation with inorganic nitrate, in amounts resembling a rich intake of vegetables, attenuates hypertension and prevents the development of cardiac and renal damage in uninephrectomized rats subjected to high-salt intake. Nitrate is the stable oxidation product of NO metabolism, and until recently, this anion was universally considered to be biologically inert. However, several lines of research have surprisingly revealed the existence of a reverse pathway in which nitrate is stepwise reduced to form nitrite and then NO and other bioactive nitrogen oxides. 15, 45 We and others have recently shown acute NO-like effects of dietary nitrate in healthy volunteers 23, 24, 46, 47 as well as in normotensive control animals. 25 The present study extends those findings by demonstrating long-term effects of nitrate in a clinically relevant model of hypertension and renal disease. A number of studies have shown that bioactivation of nitrate requires its initial reduction to nitrite. 24, 25, 48 Such bioactivation is mainly carried out by commensal bacteria in the oral cavity 18 and to a lesser extent by mammalian enzymes. 39 Nitrite, which is much less stable than nitrate, is then further reduced to NO and other bioactive nitrogen oxides by a variety of non-enzymatic as well as enzymatic pathways in blood and tissues. 15, 16 The nitrate-mediated effects appear to be independent of NOS activity, as a similar elevation in nitrogen oxides was observed in nitrate-supplemented eNOSknockout mice 32 and rats given a non-selective NOS-inhibitor. 32 The role of NO as a final mediator of nitrite bioactivity has been established in numerous studies where the effects of nitrite have been abolished by the NO scavenger PTIO or by an inhibitor of guanylyl cyclase (GC). 27, 49 In addition to the activation of GC and formation of cGMP, NO or its reaction products can nitros(yl)ate proteins and thereby directly modulate their activity. In the present study, we did indeed observe increased formation of nitros(yl)ated products in tissues after chronic dietary supplementation with nitrate. Remarkably, for the majority of the studied parameters, the low nitrate dose was as protective as the higher one with the exception of blood pressure which was significantly reduced only in the high nitrate group. This is similar to what was found in a study on the therapeutic effects of sodium nitrite in rats chronically treated with an NOS inhibitor 31 and it suggests that the strong renoprotective effect observed by nitrate supplementation is not a direct consequence of blood pressure reduction, but rather due to other mechanisms, including reduced oxidative stress, mediated by NO or other bioactive nitrogen species. We have previously demonstrated that remaining nephrons in kidneys of UNX + HS animals (at 8 weeks) display compensatory hyperfiltration, since glomerular filtration rate (GFR) was similar to healthy controls. Therefore, the effects of nitrate supplementation on GFR were not measured in the present study. In the present study, there were no differences in plasma creatinine among the groups, indicating that GFR was not significantly changed. A previous study demonstrated that GFR in rats subjected to neonatal uninephrectomy and normal sodium diet was normal GFR at 6 weeks of age but was reduced after 20 weeks. 50 If treatment time was extended in our model, it is possible that GFR would be reduced in UNX + HS animals due to complete loss of function in some nephrons or partial loss in most nephrons. Although the pathophysiological mechanism underlying saltinduced hypertension and development of renal injuries is yet to be clarified, increased oxidative stress is clearly an important factor. 12 There are several sources for ROS generation including xanthine oxidase, NADPH oxidases, cytochromes P450, and the mitochondria. Increased ROS formation may trigger renal injuries, thus cause a vicious cycle as inflammatory and fibrotic changes per se are associated with elevated ROS production. It is evident from animal models of salt-induced hypertension that scavengers of O 2 2 have beneficial effects. 10 In similar models, the stimulation of endogenous NO generation, e.g. by L-arginine administration, is also beneficial.
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Besides being a direct vasodilator, NO also acts as an effective scavenger of O 2 2 and thereby helps to control the level of oxidative stress in the cell. In general, the balance between O 2 2 and NO formation is critical for vascular and renal homeostasis. In the current study, nitrate supplementation was apparently associated with reduced overall oxidative stress as evident by normalization of circulating and urinary levels of oxidative stress markers. Such effect may have occurred via scavenging of O 2 2 by nitrate-derived NO. Another possible mechanism is that nitrate-derived reactive nitrogen oxides may modulate oxidative stress by inhibiting ROS generation from xanthine oxidase, NADPH oxidase, cytochrome P450 systems, or mitochondria. 51 The latter can occur via nitrite-mediated nitrosation and subsequent inhibition of complex I in the respiratory chain as demonstrated by Shiva et al. 28 in an ischaemia-reperfusion model. Additional studies are required to determine the specific source of ROS in this model and also to pinpoint the mechanism for nitrate-mediated protection.
The nutritional aspects of this study are particularly intriguing. The lower nitrate dose was chosen to represent an amount readily achievable via the normal diet. It resembles a daily consumption of no more than 100-300 g of a nitrate-rich vegetable by a human and this dose was recently shown to reduce blood pressure in healthy individuals. 52 A rich intake of vegetables, such as that provided by the typical Mediterranean diet or by the Dietary Approaches to Stop Hypertension (DASH) programme, is clearly associated with reductions in blood pressure 53 and decreased risk of myocardial infarction and stroke. 54, 55 In the light of this and previous studies, it is therefore tempting to speculate that nitrate contributes to the protective effects of a vegetable-rich diet on the cardiovascular system. In conclusion, dietary supplementation with inorganic nitrate in modest amounts prevents kidney and heart injuries and attenuates hypertension in a model of renal and cardiovascular disease. Mechanistically, dietary nitrate restored the tissue levels of bioactive nitrogen oxides and reduced or normalized the levels of oxidative stress markers and dimethylarginines. Future studies will reveal if nitrate contributes to the well-known cardioprotective effects of a diet rich in vegetables.
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